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NOMENCLATURE; 
A area of piston 
Ai constants (i = 0, 1, . ... 10) 
ai polynomial coefficients (i = 0, 1, 2, . . . 9) 
B a constant, as defined by equation (13) 
Bi constants (i = 1, 2, . . . 10) 
G load damping coefficient 
Ce external leakage coefficient of piston 
Ci internal leakage coefficient of piston 
C Ci + Ce/2 
C fixed capacitor (lead network) 
C„ variable capacitor (bridged-T) 
C fixed capacitor (bridger-T) 
E system's error signal 
E bridged-T output voltage 
Eo lead network output voltage 
F force transmitted to and from, load 
G,(s) system's open loop transfer function (displacement) 
d 
Gp(s) system's open loop transfer*function (force) 
H,(s) system's closed loop transfer function (displacement) 
Hf,(s) system's closed loop transfer function (force) 
I valve input current 
K a constant as defined by equation (17) 
NOMENCLATURE (Continued) 
Ka electronic amplifier gain 
Kp a constant as defined by equation (l^) 
K_ a constant as defined by equation (13) 
K, feedback potentiometer constant 
K force transducer gain 
LI 
Kv valve flow gain 
K.. spring constant of load 
L a constant as defined by equation (l8) 
M Mj^ + M^ 
M_ equivalent mass of muscle 
1VL mass of piston, rod and transducers 
P, forward pressure 
Pp return pressure 
P L (Pl + P2)/2 
Q, flow into forward chamber 
Qp flow into return chamber 
Q^ valve flow ((Q + 0^/2) 
R variable resistor (bridged-T) 
R variable resistor (lead network) 
Rp variable resistor (lead network) 
s Laplace operator 
t time 
T_ time constant of lead c i rcu i t for break-up frequency 
xi 
NOMENCLATURE (Concluded.) 
Tp . time constant of lead circuit for breakdown frequency 
V step input magnitude 
Vi system's input 
Vo system's output 
Vr '- slope of the ramp input 
V-. volume of the forward chamber 
V p volume of the return chamber 
Vo V initial 
Vc> V_ initial 
2 2 
V total volume under compression 
t 
x mechanical output position 
pe effective builk modulus 




hydraulic natural frequency 
natural frequency at poles (bridged-T) 
(u apparent natural frequency of the valve 
0) natural frequency at zeros (bridger-T) 
Li 
|- load damping ratio 
| hydraulic damping ratio 
E damping ratio of poles (bridged-T) 
apparent damping ratio of the valve 
Jv 
F damping ra t io of zeros (bridged-T) 
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SUMMARY 
The present study deals with the design, construction, and 
testing of an electro-hydraulic control system, capable of providing 
the control of force or displacement of living cat muscles in 
neurophysiological studies. 
The system is designed to allow control of either output force 
or position. Mathematical analysis of the system is carried out to 
show that, in the case when displacement is the controlled variable, 
the response of the system is not satisfactory. This deductions 
incorporated to design a compensating network that theoretically 
shows a more satisfying range of operation. Likewise when force is 
the controlled variable, the theoretical analysis shows that the closed-
loop is unstable. The use of another compensating network, which 
happens to be the same as part of the network used for the position 
system, produces a satisfactory response and the system is placed 
within specifications. 
The compensated design is used to fabricate and test the 
system for frequency and time domain performance. Comparison of the 
theoretical approach with the results obtained experimentally shows 
a fairly good agreement for the case in which displacement is the 
controlled variable. With force as the controlled variable some 
differences are found between theory and experiments. The main 
reason for this disagreement is thought to be the simplified model used 
for representing the muscle dynamics. However, there is not available 
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any better model that could be used easily in a practical way. 
Nevertheless, all the specifications imposed on the system, both for 
control and measurement of force and displacement are met. There-
fore, the development of a device which can be usefully employed in 
neurophysiological studies of muscle mechanics and muscle sensory 




History and Description of the Problem 
It has been known for over one hundred years that muscle 
contains a variety of nervous structures. Early histological studies 
begun in the l86ofs finally led to the realization in the l890's 
that there were two main sensory organs which had definite form and 
probable relevance to the detection of muscle activity. These are 
the Golgi tendon organ (named after the man who first described:it --
Camillo Golgi) and the muscle spindle (so called for its fusiform 
shape). Further histological studies, both by light microscopy 
and by electron microscopy, have revealed that the muscle spindle is 
an extremely conplicated structure and is one of the most intricately 
organized sensory organs in the body (second in complexity only to the 
eye). We now know that the muscle spindle contains within it two 
separate types of sensory nerve fibers, two separate types of muscle 
fibers, and two separate types of motor nerve fibers supplying the 
contained muscle fibers. Therefore, the muscle spindle is a structure 
whose ̂  sensory output can be controlled via a motor input from the 
central nervous system. 
J. F. Fulton and J. Pi-Suner (1928)[1] had pointed out that, 
on theoretical grounds, a difference in behavior was to be expected 
between the tendon organ and the muscle spindle in view of the fact 
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that the tendon organs are situated in series with the working muscle 
fibers of a muscle, while the muscle spindle is arranged in parallel 
with the same fibers. They concluded that both endings should 
respond to muscle stretch, but that the spindle endings should be 
unloaded during a muscle contraction, when the whole muscle shortens, 
while the tendon organ endings should still be experiencing stretch. 
When B. H. C. Matthews (1933)[2] provided the first comprehensive 
description of the behavior of single afferent fibers from muscle 
receptors, this was exactly the sort of interpiretation he was able to 
give to the discharge patterns he saw. Since then, and most notably 
since the early 1950's, a large number of investigations have been 
carried out on muscle receptors to determine what parameters they are 
capable of measuring. It has been concluded that the discharge 
patterns from the tendon organ receptors may code tension, while 
one of the muscle spindle receptors Codes length and the other codes 
both length and rate of change of length. Since the tendon organs• 
provide negative feedback upon the motor output centers to the muscles 
from which they arise, and at least one of the spindle endings provides 
positive feedback upon these same motor centers, it appears that 
reflex muscle control (a,t least at the spinal cord level) may take 
place through some process which can be described in terms of control 
systems theory, as R. E. Poppele and C. A. Terzuolo [3] did in 1968. 
In order to study motor control processes quantitatively, it 
became important to have some device -which allowed the carefully 
controlled excitation of muscle sensory organs and the input-output 
relations between the sensory receptors, the spinal motor control 
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centers, and muscle. The many mechanical devices designed in the past 
for this type of study have generally been open-loop systems and only 
in some more recent models has feedback control been employed to form a 
servomechanism. Furthermore, most of the recent models have been 
large and bulky, since most of them employed some sort of electro-
magnetic vibrator as the displacement device. 
In view of the recent "engineering approaches" to muscle and its 
neurologic control (e.g., R .E . Poppele and R . J .. Bowman [U] , 1970; 
N.P. Rosenthal, et al. [5], 1970; ¥. J. Roberts, et al. [6], 1971) 
and because of the necessity for clearljr classifying both motor and 
sensory elements in neuromuscular studies, there is a need for a 
muscle pulling machine which is of reasonable size, of adequate 
strength, and is easily controlled. 
The specifications wnich need to be met by the displacement and 
force measuring devices are clear from the literature on the use of 
these devices. However, the constraints that need to be met by the 
feedback control device are not so clear. Therefore, initial specifica-
tions for these parameters were estimated and a system was designed to 
satisfy them. These specifications are listed below: 
a- Measurement 
1- Force 
.0 to 10 Kgms (±.5 grams) 
2 - Displacement 




.0 to 10 Kgms (±.2 percent) 
2- Displacement 
.0 to 25 mm (±.2 percent) 
3- Transient Response 
Rise time < .5 sec 
h- Frequency Response 
i- Gain attenuation < 7'0 percent at 60 cps 
ii- Phase lag < 180 at 60 cps 
Review of Literature 
Several mechanical systems have been developed to produce 
stretches in muscles during the past 15 years. D. R. Wilkie [7]? 
M. M. Civan and R.J. Podolsky [8], H. L. McCrovey, et al. [9], and 
G. Lennerstrand and U. Thoden [10], to name a few, have reported the 
use of -weights, stops, ergometers, levers, and so on to produce ramp 
stretching at supposedly constant velocities. 
D. Stuart, et al. [11], and P. B. C. Matthews and R. B. Stein 
[12] have also used these same kind of systems to produce sinusoidal 
stretching. 
A hydraulic pump and cylinder was used by E. Alnaes, et al [13] 
to produce velocities of stretch of about 18 mm/sec. The system was 
open-loop and controlled by a series of electromagnetic valves. 
In. 1959 P. B. G. Matthews [lU] used a semi.-closed loop system 
to stretch cat soleus muscles at rates that he reported to be between 
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1 mm/sec and about 6 mm/sec. The arrangement tnat he used is shown 
in Figure 1. Basically it consists of an electrical motor coupled to 
a screw thread through an electromagnetic clutch and a pair of gears. 
The displacement was measured by a current generator and was fed back 
to a difference amplifier with compared this signal with the command 
voltage used as the input. The error signal was then fed to the elec-
trical motor. The system that he used secerns to be full of inertial 
forces, friction, and backlash problems. Furthermore, no measurement of 
the real position of the muscle was made smd,therefore, the system 
from this point of view is open-loop. 
N. P. Rosenthal, et al. [5] used an open loop system to stretch 
triceps surae muscles of cats in 1970. They applied sinusoidal and 
step stretches using a d.c. motor coupled to a cam-lever system. This 
permitted them to change the amplitude of the sine wave. The frequency 
was varied changing the velocity of the d.c. motor. The step stretches 
were produced by two solenoids wired to pull in opposite directions. 
The step amplitude of the solenoid was adjusted manually and its 
displacement was recorded by a transducer. Force and displacement 
were measured by two transducers connected in series and located 
between the muscle and the device. Obviously the accuracy of this 
device is limited as no signal is fed back, resulting in an open-loop 
system. Its versatility is also very poor as sinusoids and steps 
were the only two possible inputs to the muscle. 
N. F. Clinch and V. A. Tennant [15] have developed a loudspeaker 





Mus cle Magnetic 
Displacement Clutch 
Figure 1. Servo-Motor Driven Mechanical Stimulator. 
OA 
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recently (May 1972). The scheme of this system is shown in Figure 2. 
It consists of a modified loudspeaker mounted rigidly on a brass 
framework on which is also mounted a light source-lens-photocell 
system that acts as a displacement transducer. The signal produced by 
the photocell is fed into an electronic amplifier and compensating 
network. This arrangement permits the comparison of the input signal 
or reference signal to the actual position of the muscle and the 
subsequent application of a correcting signal to the loudspeaker coil 
for repositioning the muscle. With the inclusion of the compensating 
network,consisting of two lead-lags and a lag-lead, they have obtained 
a bandwidth of 2^0 cps. The main limitation of this device is its 
minimum travel, which is on the order of k mm. Its range of force is 
also very small. As a consequence of this, the system cannot be 
applied to large muscle systems such as those of the cat. K. E. 
Machin and J. W. Pringle [l6], M. C. Brown, et al.[17], P. B. C. 
Matthews [18], and other have reported the use of devices very 
similar to the loudspeaker system described in the preceeding 
paragraph. However, the band widths in these were considerably narrower 
than that reported by Clinch. 
There are bigger versions of the loudspeaker commercially 
available, but as the power source. Several problems are associated 
with them; the large size, open loop characteristic, and low resonant 
frequencies are their main limitations. The size is increased because 
the ratio of power to force is of the order of 10 amperes/kilogram. 
The resonant frequency is about 100 cps for small forces and as low 
as 10 cps for the more powerful ones. 
Input + 
•O - ik 











Figure 2. Loudspeaker Servo-System. 
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Proposed Solution and Scope of the Research 
As a possible solution to the problem the design, fabrication 
and testing of an electrohydraulic control system was proposed. The 
design was carried out to meet the specifications previously stated. 
This kind of system provides a more versatile device for stretching 
muscles at different rates, amplitudes and input functions. 
The system, as developed and built, permits the application of 
controlled forces or displacements (one at a time) to the muscle, 
while simultaneously measuring both force and displacement continuously. 
Its size is small compared with the big version of the commercially 





The proposed solution to the problem of concern is a constant-
supply -pressure electrohydraulic control system. A schematic diagram 
of it is shown in Figure 3• It can be seen that a differential d-c 
electronic amplifier is used to compare the input and feedback signals 
and to amplify the resultant error.;. The output of this amplifier 
is fed to a four-way, two stage electrohydraulic servovalve which 
controls the flow of oil to a double acting hydraulic cylinder. The 
cylinder rod is directly attached to the load (cat muscle). The 
displacement and force applied are detected by a rectilinear feedback 
potentiometer and a Wheatstone bridge force transducer. The type 
of feedback is selected by a solid state switch module which is 
operated by a logic signal from a digital computer, which has been 
previously programmed. The command signal (or reference value) is 
also provided by the computer through a digital/analog converter. A 
more detailed description of each component is given in Appendix II. 
Mathematical Model 
In the next paragraphs the linear mathematical model of each 
component is evaluated and finally all those transfer characteristics 
are combined to obtain the open and closed loop transfer function of 
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overall block diagram corresponding to the scheme of Figure 3? on 
which basis the study was done. 
Amplifier Transfer Function 
The amplifier transfer characteristic is given by 
M - Ka (i) 
where 
E = Error signal, Volts 
I = Output current, mA 
Ka = Amplifier gain, mA/Volts 
S = Laplace operator 
Servovalve Transfer Function 
A two-stage, four-way, mechanical feedback, electrohydraulic 
servovalve could be represented by a third or higher order nonlinear 
transfer function, but in servoanalysis the usefulness of linear 
transfer functions for approximating servovalve response is well 
established [19], [20], [21],. According to the specifications, the 
system of concern is intended to work at frequencies of 60 cps or lower. 
Therefore, a linear second-order empirical approximation is sufficient 
for the analysis of the complete system,. Hence the servovalve transfer 
function is assumed to be 
-Ik 
Ms) V I S J U3 
m~ = Kv-ir-z—-2- (2) 
S + 2 f (jo S+jn 
V V v" 
where 
Kv = valve flow gain, in /sec/mA 
(JD = apparent valve natural frequency, rad/sec 
E = apparent valve damping ratio 
s = Laplace's operator 
o 
CL = valve,output flow, in /sec 
I = valve input current, mA 
The values of & and g are furnished "by the manufacturer, according 
to experimental results. 
Cylinder and Load Transfer Function 
The following assumptions are made in evaluating the cylinder 
transfer function according to the pattern given "by H. E. Merrit [22]: 
(1) Linear analysis is applicable 
(2) The piston is centered 
(3) The friction forces can be neglected ' 
(h) The velocities in the chambers are small so that minor 
losses are negligible 
(5) Line phenomena are absent 
(6) Temperature and density of the working fluid are constant 
(7) Linearized about at rest conditions 
Applying the continuity equation to each of the piston chambers 
yields (see Figure 5): 
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= Rod end displacement, in. 
. 2 = Area of piston, in . 
= Flow into forward chamber, in /sec. 
o 
= Flow into return chamber, in /sec. 
= Forward pressure, psi 
= Return pressure, psi. 
= P1-P2, psi 
= Volume of forward chamber (includes valve and connecting line), 
in3. 
= Volume of return chamber (includes valve and connecting line), 
in3. 
-3 
= VI initial, in 
= V2 initial, in3 
= Effective bulk modulus (includes oil entrapped and mechanical 
compliance), psi 
= Internal leakage coefficient of piston, in /sec/psi. 
= External leakage coefficient of piston, in3/sec/psi. 
= Time, sec . 
= Force due to the load, lb. 
Figure -5. Cylinder Cross Section 
and Symbols. 
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dV V dP 
Q^CiCP^P^-CeP^^^-i— (3) 
dv0 v dp 
^ 2 + C i ( P 1 . P 2 ) - C e P 2 - 5 ^ + - - 3 r (10 
V and V are related to V and V by 
v i = v o i + ^ y (5) 
v 2 = v Q 2 - Ax(t) (6) 
If piston centered 
V01 = V02 - V0 ^ 
Thus 
Vl + V2 = 2 V0 = Vt (8) 
where 
V, = total volume of fluid under compression. 
The combination of equations (3) through (8) and its Laplace trans-
formation yields 




1 2 "3 
Q = _ = Load flow, in /sec 
C = Ci + Ce/2 = Total leakage coefficient, in /sec/psi 
Applying Newton's second law to the forces acting on the piston and 
Laplace transforming 
APT = M sS^s) + F(s) (10) 
where 
M = Mass of piston, rod and transducers, (lb-sec )/in 
To complete the cylinder and load transfer function it is necessary 
to assume a mechanical configuration of a muscle. A. Crowe [23] and 
J. W. Pringle [24] have developed theoretical muscle models in terms 
of springs and viscous dampers, but not verified experimentaj-ly. Due 
to the wide variation in the behavior of these components for 
different biological situations and the imposibility of obtaining 
values for the parameters, a more simple representation is assumed 
for the present work. 
The model chosen is formed by a mass connected to a spring 
and viscous damper arranged in parallel, as shown in Figure 6. The 
reasons for using this model are that in that way, it is possible to 
get an experimental spring constant for the muscle to evaluate an 
equivalent mass and, assuming that the model is overdamped, to deter-
mine the damping coefficient. The evaluation of these parameters 
F(t) 
to cylinder 
M̂  = Equivalent mass of muscle, lb-sec /in 
Kl = Linear spring constant, lb/in. 
C = Damping ratio, lb-sec/in. 
F = Force applied by the cylinder, lb. . 
x = Displacement, in. 
Figure 6. Muscle Model and Symbols. 
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is shown in Appendix I. If a more complicated model were used the 
representation would be probably more accurate mathematically, but 
without any method to determine the parameters„ With reference to 
Figure 6, applying Newton's second law and Laplace transforming, the 
resulting equation of motion is 
F(s) = M^ s2 X(s) + CsX(s) + K X(s) (ll) 
The combination of equations (9), (10) and (ll) yields 
k Be A  
x w ^eA" + kctc$e + vt Ki 
Q^jt) V̂M 2 kC M pe + V C 4 0eK C 
sti 2~ "~ls +t 2 ~ - ]s+l}+ 2 4peA +*J-CtCpe+VtK k$k -^C^e+VJL^ 4peA 4 - ^ C p e + V ^ 
• (12) 
or in the reduced form 
2 
% 
¥u) = KT — 2 — ~ 2 — ( 13 ) 
V s ) L s ( s 2 + 2 § h V +0Dh
2)+ B 
where: p j , 
4peA + l|OtCpe + V ^
 2 
» h = (~ v^r~ —) 
= Hydraulic natural frequency, rad/sec. 
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JL 
| = 2C Pe ( g—£ )% 
vrUgeA + l(C,Cge + V, Kn ] 
t t t 1 
v * 
+ 1 ( . - t )
2 
2 M[>peA2 + *4C! Cpe + V K ] 
XJ XJ A . 
= Hydraulic damping ratio 
v _ ^BeA  
K _ — 
^BeA + UC, Cpe + V.K 
B = W ^ 
t ^ t 1 
2 




= Total mass, lb-sec /in. 
Equation (13) gives the cylinder and load transfer function, for the 
condition of displacement feedback control.. 
For the case of force beedback control, the algebraic 
manipulation of equations (ll) and (13) yields 




 Kf ^ (g2 + ̂ f "fS + V > 
QX ( s )" s(s2 + 2 ^ %s + o^
2) + B 
where 
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UJ« = (K-/M )2= Load natural frequency, rad/sec 
§f = C/2 (l/wyc^ = Load damping ratio.. 
Transducer Transfer Function 
The relation between output voltage and displacement is 
Vo(s). v r i c - N 
xTsT.-Kt (15) 
where 
Vo =• System output, Volts 
K = Feedback potentiometer constant, Volts/in. 
The relation between output voltage and force is 
W - hf < i6> 
where 
K,^ = Force transducer gain, Volts/lb. 
Open Loop Transfer Function 
The block diagram of Figure K can be reduced to a single block 
in the forward path, as shown in Figure 7a. G(s) represents the open 
loop transfer function which is obtained by the combination of equations 
(l), (2), (13), and (15), for the displacement feecback case (defined 
as G (s)). For the case of force feedback, the open loop transfer 
function is defined by G (s) and is obtained by combination of 






Figure 7- (a) Reduced Block Diagrajn 
('b) System Reduced to a Single 
2 3 
G (s) = —p — ^~2 — 2 ( 1 7 ) 
[ s +25vCDvs + wy ] [ s ( s + 2 § A s + (^ ) + B] 
where 
K = K - V t ^ V 
and 
L [s +25^, s-^ ] 
G f(s) = - 5 1
 f f
2 . p (18) 
[s + S ^ s + ua^] [s (s^ + 2 ? ] A s + ^ ) + B] 
where 
L = KaK v K f K t f U ) v \
2 
Closed Loop Transfer Function 
The closed loop transfer function for a unity feedback system 
is given by 
H(s) - & t a <19> 
For the displacement case,equation (19) becomes 
H (s) * — * ~ -J5—,JL_ _ (20) 
a. . [s + 2 ^ 3 ^ - ] [s(s +2|hwhs + a^ ) + B]+ K 
For the force case, equation (19) becomes 
2k 
L[s 2+2§ w s4^ 2 ] 
J£ ( g ) =





System Response Analysis 
Displacement Feedback 
In order to determine the stability and frequency response of the 
system,,both Bode diagrams (the open and closed loop) were obtained 
for different conditions of load and selected parameters . The computer 
program which was developed and used to carry out tnis study is 
presented in Appendix III. 
Only two parameters were varied, the effective bulk modulus 
((3e) and the total leakage coefficient in the cylinder (C ) . They 
were chosen because of the difficulty of estimating them and because 
of their pronounced influence on the resonant frequency and damping 
ratio. Furthermore, the remaining parameters are known, within a 
close margin of approximation, once the components are selected as 
shown in Appendix II. 
5' 
For industrial design purposes [3e is assumed to be equal to 10 
psi and C to be k percent of the maximum flow per psi. As the present 
work is more involved than an industrial system, a sensitivity analysis 
5 5 
was performed in which pe was allowed to vary from 10 psi to 1.5 x 10 
o 
psi and C from .00001 to .00005 in /sec/psi. These range of values 
Xi 
are what should be expected for this kind of system.. 
The numerical analysis of the expresions for yv and £ shows 
that the maximum range for the localization and the magnitude of the 
25 
resonant peak is fixed by the combination of the maximum and minimum 
values of these parameters (i.e., pe = 10' psi and C, = .00005 in / 
5 o 
sec/psi or pe = 1.5 x 10 psi and C = .00001 in /sec/psi). Other 
t 
, = nnnm .in̂ /ce 
parameters affected by pe and C are the constants K_ and B. 
If the system is considered without load, B goes to zero and 
K_ increases due to the absence of the muscle spring constant and 
damping coefficient, (a and § vary for the 3.31116 reason. 
The values of these constants for the combinations considered 
are shown in Table 1. The rest of the parameters used are given on 
Appendix II, where the components of the system are specified. 
Replacing s by 3^ in equations (17) and (20) and letting ^ vary, 
the Bode plots of Figures 8 to 11 were obtained. . Figures 8 and 9 show 
the effect of varying the load for pe = 10 psi and Ct = .00005 in
0/ 
sec/psi. Figures 10 and 11 show the same effect but for £e = 1.5 x 10 
psi and C = .00001 in /sec/psi,. 
From all these plots it can be concluded that the system with 
displacement feecback is stable for all the conditions considered. 
However, there is a resonant peak that occurs between 1,250 and 
2,^00 rad/sec whose magnitude increases as the resonant frequency (u^) 
increases. It can be seen also that the gain ratio is very poor for 
frequencies higher than 30 rad/sec. On the other hand, the response 
under these conditions will be quite oscillatory and will exhibit 
high overshoots. 
A consequence of these observations is the necessity to add some 
kind of compensation to the system in order to improve its response. 
Table 1. Variation of Parameters with Be, C, and Load 
for Displacement Feedback. 
Be = 100, 000 psi Be = 150, 000 psi 




Parameters Loaded Unloaded Loaded Unloaded 
h if. 9971 5 .00 ^•9993 5.00 
B 18,302.if .00 5,^90.7 .00 
<°tl 
1,255.11 1,907.01 1,536.85 2,335.60 
ĥ 
.0291 . 015*4- .010*4- .0038 
-10 -. 
r> — do -i n 
- ™-" i Unloaded 
d - PhaseJ 
£e = 100,000 psi 
C = .00005 in3/sec/psi 
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Figure 8. Closed-Loop Frequency Responce Showing the Effect of Varying 
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Figure 9 . Open-Loop Frequency Response Showing the Effec t of Varying the Load, 
Displacement Output . 
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FREQUENCY - rad/sec 
Figure 10 . Closed-Loop Frequency Response Showing the Ef fec t of Varying 
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Figure 11. Open-Loop Frequency Response Showing the Effect of Varying 
the Load. Displacement Output. 
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Force Feedback 
As in the case of displacement feedback., a theoretical study 
of the system response was performed but this time only the parameters 
pe and C were varied, as the no-load condition for this case is 
meaningless, ui and P are also affected by pe and C and vary in the 
same fashion as before. The constants K and B also change, but the 
former is defined as K_.ll. which makes the change in it practically 
unappreciable (as it can be seen from Table 2) . 
Using a computer program similar to the one used for the case 
in which the controlled variable is displacement, and replacing s 
by ju> in equation (18), the open loop Bode plot was obtained. It 
is shown in Figure 12. 
From there,it can be seen clearly that for a phase angle of 
-l80 the gain ratio is greater than 50 db for any condition of pe and 
C, . Thus the system is very •'•unstable. Obviously, the time response 
of the system would be unacceptable under these conditions. Therefore, 
it is not necessary to perform a closed-loop Bode plot for the system. 
As a consequence of this it is imperative to use compensation to send 
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Figure 12. Open-Loop Frequency Response Showing the Effect of Varying 





Table 2. Variation of Parameters* with Re and C 
for Force Feedback. 
Parameters $e = 100,000 psi Re = 150,000 psi 
Ct = .00005 in
3/sec/psi Cfc = .,00001 in
3/sec/psi 
Kf .08^70 .08^73 
B 18,302.1̂ 0 5,^90.72 
o^ 1,255.11 1,536.85 
I .0291 ' .oioij-
*See Appendix II for the other pertinent parameters not affected by 
Re and C . 
3̂  
CHAPTER III 
IMPROVING THE RESPONSE OF THE SYSTEM 
Need for Compensation 
The frequency response analysis performed in Chapter II 
showed that, in the case where displacement was the controlled 
variable the system exhibited a high resonant peak and poor gain 
ratio. Furthermore, if force was the controlled variable the closed 
loop system was unstable. It is evident then that in either of the 
cases considered, the system behavior is not very desirable and 
compensation should be introduced. The present chapter is devoted to 
the design of compensating networks for both cases, force and dis-
placement, and is followed by a theoretical, prediction of the compen-
sated system response. 
Displacement Feedback Compensator 
For this case, two passive networks are introduced in the 
forward path of the system. The first one is used to attenuate the 
resonant peak and the second to improve the gain ratio. 
Resonant Peak Attenuation 
From Table 1 and Figures 8 through 11 it is obvious that the 
resonant peak is due to a pair of complex conugated poles near 
the imaginary axis and is produced by the hydraulic natural frequency 
(m ) and the low damping ratio ( F ) associated with it. 
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P. Chandaket'and A. B. Rosenstein [25] give a compensating 
method that is based on the nearly exact cancellation of the two 
complex conjugated poles (which cause the oscillations) with two zeros 
obtained from the simple R-C passive network, shown in Figure 13a. 
With reference to Figure 13a, and assuming zero input impedance and 
infinite load impedance., the so called bridged-T network transfer 
function is found to be 
2 2 
E (s) s + 2i ou s + cu 
c ^z z z ( 2 2 ) 
E(s) 2 a. Off U. 2 
v ' s + 25 oo s + a) 
P P P 
where 
E = Output voltage, Volts 
E = Input voltage (system's error), Volts 
ou = m = i , r a d / s e c 
Z W 2 R ( C g C ) * ' 
iz - (c2/c3)i 
p -i?r~ 
So, i f ox and 5 a re to be cance l l ed 
^z = ^h , 
36 
(a) 
Figure 13. Compensating Networks 
(a) Bridged-T 
(b) Two Lead Networks in Series 
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1 + Z \ 
h~ 2fh 
and the bridged-T transfer function to "be used becomes 
Bc(s) s
2 H- 2 ? h ^ + %
2 
From the definition of u> , oo , § , and £ expressions for C0, C-
Z p Z *̂p cL j 
and R are found as follows : 
C2 = C3 E
 2, farads (2U) 
R = , ohms ' (25) 
% (W* 
Substituting in the values of ̂  and r (C is set arbitrarily), the 
resistances and capacitors can be selected as shown in Appendix IV. 
With the inclusion of this network, the closed loop frequency 
response of the system is obtained typically as shown by Figure ik. 
It should be noted that, the resonant peak has been eliminated but the 
gain ratio still remains very poor for frequencies higher than 30 
rad/sec. 
Gain Ratio Improvement 
From the last Bode plot (Figure ik), the gain curve has a 














Figure 1 4 . Closed-Loop Frequency Response for the Loaded System 
After the I n c l u s i o n of the Bridged-T Network. 




networks are connected in parallel with the bridged-T in the forward 
path, the gain ratio is improved considerably. In fact, it is 
brought into the range of interest for the system of concern. The 
transfer function of the two lead circuits in parallel (shown in 
Figure 13b) with the assumption of zero input impedance and infinite 
load impedance is « 
Eo(S) ( y y
2 d * y ) 2 




Ec = Input voltage (Output of bridged-T), Volts 
Eo = Output voltage, Volts 
T = RnCL, sec. 
T2 = R2/(R1+R2)« Tl5 sec. 
T > T 
1 2 
Two operational amplifiers were included to counteract the d-c 
2 
attenuation produced by (Tp/T ) and to approximate the condition of 
infinite load impedance and zero input impedance. From the definition 
of T and T , the expressions for R and. R are found to be 
1 d 1 ci 
T l 
R = -r- , ohm.s . (27) 
1 Ul 
T R 
R = - r ~ , ohms (28) 
1 2 
ko 
Therefore, by choosing the proper values of T, and T (C set arbi-
trarily) the resistances to be used can be evaluated. This was done 
in Appendix IV. 
System Response - Displacement Feedback 
Frequency Response 
Once the compensating network is included the open loop 
transfer function of the displacement feedback system becomes 
r ., , .
 K^+ y >V^vy)  
k>As' ~ p p P" 2 P ? P (2Q) 
[s +2?vcovs-h«v ] [ s (s^+2§ h C U h s^ )+B][l-KC2s] [ 3 + 2 5 ^ 8 ^ ]
 V ^} 
and the closed loop one 
G d ( s ) 
Hd(s) = 5 % i T ( 30 ) 
From equations (29) and (30) the open and closed loop Bode plots 
(shown in Figures 15 to 17) were obtained for different values of T , 
Tpj Pe, C and load. 
The range selected for T to vary is from .033 sec to .1 sec. 
This allows a break frequency varying between 10 rad/sec and 30 
rad/sec. From Figure ik, it is seen that this is the range of interest 
on which the gain ratio must be improved,, By the same kind of reasoning 
Tp was varied from .033 sec to .01 sec with the corresponding break 
frequency varying between 100 rad/sec and 300 rad/sec. The definitive 
values of T and T are selected in the experimental work by making a 
Gain -̂  T1 
Phase J T " 
pe = JLUU,OUU p s i 
C = .00005 i n 3 / S e c / p s i 
Too" 50 100 500 1000 
FREQUENCY - rad/sec 
5000 
Figure 15. Closed-Loop Frequency Response Showing the Effect of Varying 
T and Tg. Displacement Output Without Load. 
c - Gain ^ _ . „ _ . . A T>V, i System Unloaded 
CL
 — x n a s e 
i ^n nnn -no-i 
C. = .00001 inJ/sec/psi 
10 ~50 lOo" 
n ^ 
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Figure 16. Closed-Loop Frequency Response Showing the Effect of 
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compromise between response and the stability. 
Figure 15 shows the influence of varying T and T?. Figure 
16 shows the effect of the load. The combination of both Figures 15 
and 16 shows the influence of |3e and C . Figure 17 gives the open 
loop plot for two typical cases. From these graphs it can be seen that 
the resonant peak has been attenuated and the gain ratio has acceptable 
values for frequencies up to 500-700 rad/sec. 
Transient Response 
Equation (30) can be expressed in the form 
„ , , K ( n y ) 2 ( s 2 + 2 ? h V %
a ) , _ 
V s ) = — 9 — 3 — 7 — 1 — 5 — 5 — 3 — 2 ( 3 1 ) 
a~s +aQs +a„s +a^s +a._s +a, s +a0s +a0s +a_ s+a^ 9 o 7 o 5 i + 3 2 1 0 
where the a.'s are the coefficients that result from the multiplication 
1 * 
of the denominator factors of equation (30). 
For a step input 
Mil = Vo(ti = ( } } 
vi(t) v V L ; ^ 
where 
Vo(t) = System's input, Volts 
Vi(t) = System's output, Volts 
V = Magnitude of the step, Volts 
or, in the Laplace's domain, 
^ 
Vo(s) _ d 
(33) 
v 
If this last equation is broken into partial fractions-
H (s)' B_ B B B. B 
A— = -1 + -£— + -J- + _JL + ....+ J±L (3M 
s s s-r s-r s _ rj, s~rq ' 
where 
ri = roots of characteristic equation (G (s)+l=0) 
Bi = constants 
Now, taking the inverse Laplace transforms of equation (3^-), the 
response of the system to a step input in dimension.less form is 
^ ^ - = B 1 +B 2e +B ee + . . . + B1Qe (35) 
If a ramp input is considered 
| § } = |2lti =Hd(t) (36) 
where 
V is the slope of the input ramp (v/sec). 
In the Laplace transform domain 
Tr ( \ H^(S) 
Vo(s; _ dv J 




and by the same procedure than before the dimensionless response of the 
system is 
T* "f~ T* "t" T* T 
^ M = AQ + Axt + A2e
 1 + A e 2 + . . . + A^e 9 (38) 
r 
where the Ai's are the constants that result from breaking equation 
(37) into partial fractions. 
All these algebraic manipulations were performed with the aid 
of a digital computer (see Appendix III). Figures 18 and 19 show the 
predicted transient response of the system for different situations 
that may occur in the experimental phase of the present work. 
From both Figures it is readily seen that for a step input, 
the load contributes to a more oscillatory and slower response. As 
T increases, both the time required to reach the steady state and 
the amplitude of the overshoot get larger. For a ramp input the 
differences in the response are not very noticeable, except for times 
less than 100 milliseconds. 
Steady State Error 
The steady state error, as defined by H. L. Harrison and J. G. 
Bollinger [26] is 
e (t)=lim s E(s) 
S S s-*Q 
where 
e (t) =•• Steady state error (t -> 00) 
ss 
^7 
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Figure 18. Transient Response for the Unloaded Position 
System with T = .05 sec and T = .0033 sec. 
(a) Step Input 
(t>) Ramp Input. 
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(b) 
Figure 19. Transient-Response for Displacement Output with 
T = .1 sec and '. 
(a) Step Input 
(b) Ramp Input. 
U9 
•E(s) = System's error signal, Volts 
From Figure 7 it can be seen that 
^ r ^ g r 09) 
Considering a step input 
Vi(s)=i 
and subsitiuting in values and taking the limit on equation (39) 
ess ( t ) == 2 " ~ {k0) 
-to A KaK.'K 
1 + . UL 
Vt 
For no load or no leakage (K = C = 0) 
e = 0 
ss 
For load, C = .00005 in3/sec/psi and V = lO.V(max) 
e = 4.65 x 10~3V = .0118 mm ss 
o 
If the system is loaded and C = .00001 in /sec/psi for a 
maximum input (V = 10.V) 
50 
e = 8M x 10" V = .0025 mm 
ss 
As can be seen the steady state error depends on the load and total 
leakage coefficient in the piston. 
Force Feedback Compensator 
From Figure 12 and equation (l8) it is evident that the 
instability of the system is due to the complex pair of poles produced 
by u>, and §, in combination with the real zeros due to the second 
order term 
2 2 
s + 2§ ujf s + cjof 
If this case is compared with the displacement feedback case 
everything indicates that the cancellation of the complex poles will 
stabilize the system and the two real zeros will act as the two 
lead-networks used before. 
Introducing the same bridged-T network (Figure 13a) into the 
feed-forward path the pole cancellation is performed and the response 
of the system with force feedback should be stabilized. All the 
equations of the bridged~T network as well as the expressions for 
R, C9 and C_ are identical to those used for the case of displacement 
feedback. 
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System Response - Force Feedback 
Frequency Response 
With the compensating network inc luded the open loop t r a n s f e r 
func t ion for the case of force feedback becomes 
L[s2+2F w +w / ] [s2+2F uLS-hui 2 ] 
Gf ( s ) = : ^ - ^ 0 _ _ . 3 ( i n ) 
[s 2+2^ v . s -Hi5 v
2 ] [s(s 2+25 ha ) hs-Ho h
2 )+B][s 2+2 ? u^s+u^
2] 
and the c losed loop one 
G (s) 
Vs> = lijJJ . {k2) 
Following the same procedure as before on the digital computer, the 
open and closed loop Bode plots are obtained and are shown in Figures 
20 and 21. From Figure 20 it is readily seen that the system has a 
reasonable gain margin through 3?000 rad/sec, although there is a 
resonant peak that will make the transient response somewhat 
oscillatory. Figure 21 shows that the system is stable after the 
inclusion of the compensating network. Both Figures 20 and 21 show 
the influence of Re and C,_ on the response. 
Transient Response 
If the same procedure as that used for the case of displacement 
feedback is applied here, the transient response of the system to step 
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Figure 20 . Compensated Closed-Loop Frequency Response Showing the Effect 
of Varying pe and C, . Force Output. 
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Figure 21. Compensated Open-Loop Frequency Response Showing the 
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Figure 22. Transient Response for Force Output Sho-wing the 
Effect of Varying Re and C . 
(a) Step Input t 
(b) Ramp Input. 
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shows that the response oscillates and overshoots in the first 10 
milliseconds and then goes smoothly to the steady state value. 
Figure 22b shows that the system, will respond to a ramp input with 
some noise up to 30 milliseconds. In both cases the time to reach the 
steady state meets the specifications. 
Steady State Error 
The equation that represents the steady state error for a step 
input is, in this case, 
e (t) = 5—^ ~ (h3) 
s s •- A 21 
i + * ̂ "trvi^f 
-*<*> n . A KaK, JyUoj 
K l c t 
For C,= .00005 in3/sec/psi 
e. = .005 V = .5 grams 
ss 
For C = .00001 in /sec/psi 
Tj 
e = .001 V = .1 grams 
ss 
Summary of the Theoretical Approach 
The analysis, of the system has been done in Chapter II. From 
there it was found that the system needed compensation in both cases. 
In the case of displacement feedback two compensating networks have 
been introduced into the forward path of the closed loop: one to 
reduce the resonant peak and oscillations and the other to improve the 
56 
gain ratio. In the case of force feedback the system was unstable and 
the same bridged-T network used for the other case has been used to 
stabilize it. 
The frequency and transient response analyses have been 
performed and the system has been found to meet the specifications . 
Table 3 gives a comparative analysis of the specifications with the 
predicted results. For all the situations the theoretical analysis 
shows that all specifications are met with a wi.de range left for the 
real system to vary from the predicted behavior. 
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Table 3. Specifications Compared -with the Theoretical 
Predictions. 
Displacement Feedback Force Feedback 
Item Specifications Predicted Specifications Predicted 
Steady 
State 
Error ± .2% < ±.Ok<f0 ± < ±.0% 
Rise 
Time* • 5 sec < .2.sec .>' sec < .32 sec 
Phase 
Shift <180°@ 60cps <120° @60cps <180°@ 60cps <20°@ 60cps 
Gain 
Att. <JO°lo @ 60cps <h% @60cps <JQ$ @ 60cps <3C# 60cps 




Once the system was designed, the components were obtained 
and assembled as shown in Figure 23. 
Two kinds of experiments were carried out, to determine the 
system's response. The first one was made without load and with 
displacement as the controlled variable. Data were taken from the 
system, first without any compensation, secondly with the bridged-T 
network, and finally using both bridged-T and lead networks. This 
particular order permitted the adjustment of the resistances and 
capacitors of the compensator to their appropriate values. 
The second set of tests were done using a cat muscle, in vivo, 
as the load. The cat was anesthetized and the hind limb was dissected 
in order to obtain access to the triceps surae muscle group for direct 
attachment to the force transducer. In this case both displacement 
and force were controlled (one at a time). 
All system tests and analyses were carried out using frequency 
response data to be consistent with the theoretical approach presented 
in Chapters II and III. The frequency response data were obtained using 
the output of a sine wave generator as the input of the system. The 
amplitude and phase angle in the feedback path (output of the trans-
ducers) . The readings were taken from the Lissajous pattern displayed 
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Figure 23. Diagram, Showing the Arrangement Used in the Experiments. 
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The transient response of the system to both step and ramp 
inputs was also obtained. These data were derived from pictures taken 
from the storage oscilloscope display. The steady state error was 
measured from the response to a step input. All the tests were 
performed several times to observe the consistency of the results. 
The information obtained is presented in the next chapter and 
then compared with the theoretical predictions. Finally the performance 
of the actual system is compared with the specifications. 
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CHAPTER V 
COMPARISON OF THE THEORETICAL APPROACH 
AMD THE EXPERIMENTAL RESULTS 
System Under No-Load Condition 
Only the case of displacement feecback was considered under 
no-load conditions since with force as the controlled variable the 
output of the system is always zero. 
System Uncompensated 
The experimental frequency response was obtained and the 
results plotted as curves a and b in Figure 2k. In the same graph 
the theoretical closed loop Bode plot is presented for comparison. 
From these curves it can be seen that the actual system has a 
resonant peak at a lower frequency and its damping ratio is longer 
than was calculated in the theoretical approach. It also has a 
better gain ratio than the predicted. 
These differences may be attributed to the facts that the real 
system has a larger actual leakage coefficient in the cylinder that 
was assumed, that the effect of the frictional forces which are actually 
present but were neglected in the analysis are considerable and that 
the system is not really linear as assumed,. 
System with Bridged-T Network 
From the experimental Bode plot of the previous experiment, it 
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Figure 2U. Closed-Loop Frequency Response Showing the Dif ference 
Between Theory and Exper iments . Displacement Output 




capacitor (CU), to achieve the pole cancellation described in 
Chapter III. After this was done the experimental frequency response 
was obtained and the results, shown in Figure 25, are compared with the 
theoretical response, in the same figure. 
With reference to Figure 25 it can be seen that the predicted 
and actual responses agree very closely. 
System with Full Compensation 
With the system constantly maintained in a stable region a 
compromise between transient and frequency response was achieved 
with the lead circuit . The time constants used were T.. = .05 sec 
and TQ = .0033 sec. Under these conditions both the frequency and 
transient responses were obtained experimentally, as described in 
Chapter IV. 
Figure 26 shows both the experimental frequency response 
and the theoretical frequency response for comparison with the pre-
dictions of Chapter III. From these plots it is seen that the gain 
ratio and phase angle agree very closely with that predicted up to 
300 rad/sec. After this point the experimental gain drops showing a 
difference with the analytical values. Part of this difference can 
be attributed to the fact that the operational amplifiers used in the 
compensating network did. not have the high input impedance that was 
assumed in the design. This caused the gain of the system to be 
attenuated in the network. Nevertheless, the closed loop gain ratio 
was maintained within the specifications. 
The results obtained for a step input are ploted and compared 
with the predicted response in Figure 27a. From there it can be seen 
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Figure 25. Experimental and Theoretical Frequency Response After the 
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Figure 27. Experimental and Theoretical Transient 
Response. Displacement Output without 
Load. 
(a) Step Input 
(b) Ramp Input. 
67 
that both the theoretical and the experimental responses follow the 
same pattern. The latter is more damped and has a smaller rise time. 
From the same graph the steady state error was found to be too small 
to be perceived. Figure 27b shows the difference between theory and 
experiment for the response of the system to a ramp input. From 
there it is seen that the responses agree in the first 25 milliseconds. 
After this, both follow the same pattern with a difference of less 
than 1 percent and the error is slightly larger in the real system. 
System Loaded 
With a cat muscle as the load the experimental frequency and 
transient responses were obtainecl again. Tests with displacement and 
force feedback were carried out and the results are reported below. 
Displacement Feedback 
Data were obtained with the same parameters used in the unloaded 
condition. 
The results obtained for this case, with displacement as the 
controlled variable, were the same as in the unloaded case. No 
appreciable difference was found. 
Force Feedback 
With force as the controlled variable, the experimental 
frequency and transient response of the system was obtained for two 
different situations. In the first, the tests were done with an 
active muscle, that is with the peripheral nerve intact. This 
permitted the muscle to contract due to the stretch reflex loop. 
After these experiments were performed, the nerve was cut and a 
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second set of data were taken. In this case the muscle acted passively, 
meaning that no contractions were present and its behavior was more 
like a purely passive mechanical system. The results corresponding to 
both cases are presented next. 
Figure 28 shown both the frequency response obtained for an 
active muscle and that predicted in Chapter III. A reasonable agree-
ment is found up to ^00 rad/sec. At this point the experimental 
response breaks down with a resonant peak at approximately 1,250 rad/sec. 
The predicted value of this peak was 2,500 rad/sec. The main reason 
for this difference is the mathematical model used for the muscle, 
which apparently is far from being a good one. The low input impedance 
of the operational amplifiers used in the compensating network may be 
an additional factor. 
It is interesting to note that when the system was run without 
the bridged-T compensating network it became unstable as predicted. 
Figure 29 shows the response of the system with the passive 
muscle load, that is, with the muscle nerve cut., The main difference 
of this response compared with the case of Figure 28, is that the gain 
drops down at lower frequency., The resonant peak is also smaller 
meaning that its damping ratio is bigger., 
The difference between the response for an active and passive 
muscle was noticed by N. P. Rosenthal, et al [5] and is attributed 
to the dynamic characteristics of the active muscle when the stretch 
reflex is intact. 
The response to a step input is presented in Figure 30a. Curve 






a - Gain } Exper imenta l 
A — } T h e o r e t i c a l (Figure 20) d - Phase J v to ' 
b - Phase 






50 100 500 1000 
FREQUENCY - rad/sec 
5000 
Figure 28. Experimental and Theoretical Frequency Response for an Active 









FREQUENCY - r a d / s e c 
Figure 29'. Exper imental and T h e o r e t i c a l Frequency Response for a Pass ive 






1 1 P 
V i ( t ) 
Vo(t ) 
!>•—»iwifc.iiiin.iino» «i « 
- Tt 
- Experimental 
- Exper imental ( 
e o r e t i c a l (Fi 
w ii » m m > r » ». 
(muscle a c t i v p 





i i i i — - r — T — — 1 — < — i i i i l l 
200 300 400 
TIME - ms 
(a) 
TIME - ms 
(b) 
Figure 30 . Exper imental and T h e o r e t i c a l T rans i en t Response 
for Force Output . 
(a) Step Input 
(b) Ramp Input. 
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load. The comparison of this response with the theoretical (curve c) 
tells us that the rise time is smaller than was predicted and there 
is not good agreement between them. Again, this shows that the model 
used for the muscle is not appropriate. 
Curve b shows the data obtained for the same muscle in a 
passive state, i.e., with the nerve cut. Comparison with the case 
where the nerve was intact showed that the response is smoother for 
the passive muscle. This was expected, as from the frequency response, 
it was seen that a bigger damping ratio acted in this case. Further-
more, with the nerve cut, the muscle could no longer help attain the 
final value of force by generating tension. Finally, the response 
to a ramp input is presented in Figure 30b. Curves a and b corre-
spond to the experiments for an active and inactive muscle, respectively. 
Compared with the theoretical approach both responses are noisier in 
the first 120 milliseconds and follow the same pattern after that. 
There is also a difference of about 1 percent once the steady state 
is reached. 
When the transient response was studied experimentally, it was 
found that the behavior of the muscle is non-symmetrical. That is, 
the responses were different when the steps imposed as the input were 
applied in opposite directions. This can be seen from observation of 
Figure 31 which presents the responses to a step input from zero to 
500 grams and from 500 to zero grams. From here it can be noticed 
that the muscle behavior is nonlinear. 
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Specifications and the Actual System 
The experimental analysis performed, with force and displace-
ment as the controlled variables, show that the specifications imposed 
on the system have been met for both cases . 
Table k gives a comparative scheme for the control requirements. 
The measurement specifications were also met and the components 
(transducers) to achieve them are described in Appendix II. 
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Table h. Specifications Compared with the Actual 
System. 
Displacement Feedback Force Feedback 








± .2PJ0 Appreciable 
Rise 
Time .5 sec < ,l60sec .,5 sec < ,070sec 
Phase 
Shift <180° @ 60cps <150°@ 60cps <180°@ 60cpa <130°@ 60cps 
Gain 




From the analysis of the experimental data obtained and its 
comparison with the analytical model used for the design of the system, 
several conclusions may be drawn: 
(1) The linear analysis of an electrohydraulic control system 
is a powerful tool for the prediction of its response within an 
acceptable margin of approximation. 
(2) The response of the system is limited by the dynamic 
characteristics of the hydraulic cylinder and load. 
(3) For the real position system designed the hydraulic 
damping ratio is bigger than that obtained from the linear computations. 
(h) When force is controlled the response of the system is 
strongly dependent on the dynamics of the load. 
(5) Muscles behave in a very nonlinear fashion. This is more 
noticeable when the nerve is intact and the stretch reflex is working. 
(6) The apparent damping ratio of the muscle increases when 




Two recommendations may be given for the improvement of the 
actual system and further study in the design of this class of devices. 
The response of the system could be imporved by introducing 
operational amplifiers with the highest input impedance available in 
the compensating network. This would permit a better adjustment of 
the compensating network and eliminate some gain drop in the system. 
It is difficult to predict the improvement that can be achieved with 
this alteration, but some should be obtained as there are saturation 
problems when the gain drop caused by the low input impedance is 
compensated using bigger gains in the amplifiers of the lead circuit. 
If further research has to be done in the design of this class 
of devices, and expecially for force control, it is important to 
assume a more complex model for the dynamic representation of the 
muscle. This will permit a better approximation between predictions 
and experiments and a better system should result. The use of a 
distributed parameter model would probably offer a much better 




The mechanical model of the muscle was assumed to be of the 
form described by equation (ll) and shown in Figure 6, Chapter II. 
In order to estimate the values of NL , K. and C some experi-
ments were performed. Static, forces were applied to the triceps 
surae muscle group of a cat, in vivo, and the displacements produced 
by the forces were measured. The results were plotted, as shown in 
Figure 32. From this plot the average slope of the curve was taken 
as the linearized spring constant, K . 
K = 33-333 grams/mm = 1.86 lb/in.. 
The value for muscle mass (JL ) was approximated with the largest 
muscle to which the system will be applied (about .55 lb). Therefore, 
= weight of muscle = gg lb & = _Ql6 2 / 
L ace. of gravity 3.22 m/sec ' ' 
Finally, the muscle was assumed to be overdamped (£f= 1.2). There-
fore, rewriting equation (ll) equal to zero 
M^ s2X(s) + C s X(s) + K X(s) = 0 
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Figure 32. Force Versus Distance Stretched. 
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MD 
From this equation 
co, -.(W* 
5f = c/2 V f 
and from there 
C = 25f ( K A ) ' 
Substituting in values 
cu. = 10.1+75 r a d / s e c 
EL, = 1 . 2 (assumed) 
C = (.2)(1.2)[(1.86)(. 01695)] 
C = .U25 lb sec/in 
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APPENDIX I I 
SELECTION OF COMPONENTS AND EVALUATION OF PARAMETERS 
Transducers 
Force 
To meet t he s p e c i f i c a t i o n s i t was r equ i r ed t o measure from 0 t o 
10,000 grams wi th readings of „ 5 t o 1.0 gram. This was not p o s s i b l e 
due t o t h e extremely h igh r e s o l u t i o n r e q u i r e d . The problem was so lved 
by us ing a t r ansduce r wi th a range of 0 t o 1,000 grams and l eav ing 
t h e p o s s i b i l i t y of us ing an a l t e r n a t e t r ansduce r ranging from 0 t o 
10,000 grams of lower r e s o l u t i o n . This was pe rmi t t ed due t o t h e fac t 
t h a t the experiments would never need t o go through the extreme values 
i n the same run. Both design and experiments were performed on the 
b a s i s of t he lower range . 
The c h a r a c t e r i s t i c s of t h e t r ansduce r and a m p l i f i e r / c o n d i t i o n e r 
are as fo l lows: 
Transducer : 
Capaci ty: 0 - 1,000 grams 
Type: S t r a i n gage - Wheatstone Bridge 
Input v o l t a g e : 10 v o l t 
Output v o l t a g e : 2 mi H i v o l t / v o l t 
Ampl i f ie r /Condi t ioner : 
Gain: 20 t o 500 
Output v o l t a g e : Continuously ad jus t ab l e from 0 t o + 10 V DC 
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Thus, us ing a supply of 10 V DC for t h e t r a n s d u c e r , t he amp l i f i e r gives 
a + 10 Y DC ou tpu t . So, t he t r a n s d u c e r / a m p l i f i e r gain ( K . J i s 
K = - _ i ° - J ° i l - =io-2 Mt.-v.535v/i l , 
t f 1,000 grams gram ' 
This jneans that each tenth of a gram is represented by 1 mV, which 
is measurable. 
Displacement 
For the displacement jneasurement a linear motion potentiometer 
was used, with the following characteristics was used 
Range: 0 - 25.^0 mm(l.O in) 
Input: + 10 V DC 
Output: 0 - + 1 0 V D C 
Resolution: Continuous (conductive plastic) 
So, the potentiometer constant (K ) is 
i o v _ y_ v_ 
mm mm, in 
Kt = 2 ^ ^ = - 3 9 3 7 ^ = 1 ° -' 
Therefore , each t e n t h of a m i l l i m e t e r i s r ep re sen t ed by 39»37 mV, which 
exceeds t h e s p e c i f i c a t i o n s . 
Hydraul ic Cylinder 
The combination of equat ions (.10) and ( l l ) y i e l d s 
APL = (M + M j s
2 X(s) + C s X(s)+ K X(s) 
83 
The left hand jnember of this equation is the force that the piston 
applies to overcome the load reaction for given values of velocity 
o 
C.s X(s) ) and a c c e l e r a t i o n (s X ( s ) ) . 
2 A c y l i n d e r wi th .2 in of a f f ec t ed a rea i s s e l e c t e d * , 
2 
t he mass of t h e rod and p i s t o n i s equal t o „006l l b - s e c / i n . The 
weight of t h e force t r ansduce r and t h e po ten t iome te r rod i s 
approximately .22 l b . so t h e i r mass i s 
P? "Ih P 
M
+ /> = co o • 'A/ — = -0068U lb sec / i n 
t r ansduce r s 32.2 in-3/sec 
So, 
p 
M = .0129^ l b - s e c / i n 
P 
and 
M = IYL + M = .02989 lb-sec2/in 
The typical maximum velocity and acceleration required by the experi-
ment s are 
s2X = 5.5 x 103 in/sec2 
sX = 5.5 in/sec 
* Clippard Minimat ic , model HgD, w i th maximiun working p re s su re of 
2,000 p s i and 1 inch displacement . 
8k 
I f t h e maximum v e l o c i t y and a c c e l e r a t i o n are assumed t o occur 
s imul taneous ly [ 2 2 ] 
A PL = ( .012910(5.5 x-10
3 ) + C.te5.)(5.5) + (1 .86 ) (1 ) 




 1 5 ^ 6 1 = 778.05 p s i 
The PT s e l e c t e d was 
PT = 1,000 p s i 
Li 
F i n a l l y the hyd rau l i c n a t u r a l frequency (w, ) must he checked t o 
he g r e a t e r than 100 cps : then t h e values of A and PT are not a • 
l i m i t i n g f a c t o r i n t h e sys tem's response 
k$eA2 + kC. 3e + V.K_ 1 / ' 2 
_ r t t< ±-1 
\ ~ [ VtM ~
] 
I f , 
V = Vol. cy l i nde r + v o l p ipes = ( . 2 ) ( l . 0 ) + > 3 - . 1 ^ ^ 1 2 ^ ^12) 
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V = .3U in3 
C = 0 [which gives a lower ov ) 
5 
5e = l(r psi 
fl - rC^)Cio^) + C.3UK1.86)-, _ . - .. ,/c 
"h " J (.3MC.0298M ] " 1 » 2 5 5 - 1 rad/£ 
= 200 cps 
Since oo, - 200 cps will not limit the response of the system, the A 
and P of the selected cylinder are sufficient to meet specifications, 
Li 
Servovalve 
Equation (9) gives t h e flow i n t o the cy l inde r as 
QLCs)=As X(s) + c t PL + 4-sPL 
Neglecting the last two terms of this equation 
QL(s) = A s X(s) 
Substituting in the values of area and velocity 
L ^ = (.2) (5.5) = 1.10 in3/sec == .285 gpm 
Li max 





Q„ = Rated flow 
K 
P = 3/2 PT = Supply pressure, psi 
s • • • J J 
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Q = .285 I _ 1 2 2 2 ^ ] 
^R ? i1500-1000J 
1/2 
Q = .403 gpm at 1000 psi pressure drop 
A two-stage, four-way, mechanical feedback, electrohydraulic servovalve 
with the following characteristics was selected • 
Supply pressure: 1,500 psi 
Rated flow: .99 gpm at 1000 psi drop 
1.4 gpm at 1,500 psi drop 
Linearity: < 7 percent 
Pressure-flow characteristics: see Figure 33a 
Rated current: 10 niA, differential 
o 
Flow gain (Kv): .55 in /sec/inA 
Frequency response:* see Figure 33^ 
Apparent natural frequency:* to = 1,450 rad/sec 
Apparent damping ratio:* £ = .55 





























Figure 33. Servovalve Characteristics 
(a) Pressure-Flow Characteristics 
(b) Frequency Response 
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Electronic Amplifier 
The amplifier used had the following specifications: 
Gain (Ka): 1.0 mA/V 
Gain linearity: +^ 3 percent 
Dead hand: None 
Frequency response: less than 3 dh at 800 cps 
Dither: Square wave, 20 to 300. Hz and 0 - 20 V pp 
From the characteristics of all the components and the values 
of the effective "bulk modulus (ge) and total, leakage coefficient (C. ), 
that were discussed in Chapter II, a list of all the calculated 
parameters is given below for convenience in reference. 
Ka = 1.0 mA/V 
Kt = 10.0 V/in 
Ktf= H.535 V/lh 




5 V = .55 ' 
Be = 105 to 1.5 x 105 psi 
Ct = 
.00001 to .00005 in3/sec/psi 
A = .2 in2 
C = .1+25 lb-sec/in 
K i = 
1.86 lb/in 




M = .02989 lh-sec2/in 
V = ,3b in 
w = 10.^75 r a d / s e c 





Four main computer programs were used to get the Bode plots 
and transient response graphs of Chapters II and III. In the next 
pages a list of each of them is given. 
The first program, labelled "Thesis BP" was used to produce 
Figures 8 to 11 and ik to IT. Given the parameters of the system 
Cline 6), the program calculates the open and closed loop Bode plots, 
some points of interest (w, , L9 etc.) and also the values of R, R_, 
R2, Cl9 C2 and C . 
The second program labelled "Thesis F" does the same as the 
first but for force feedback. Figures 12, 13, 20 and 21 were produced 
from it. 
The third program labelled "Tre One" was used for Figures 
18 and 19. It calculates the poles and zeros of the closed loop 
transfer function for displacement feedback and then gives the transient 
response for a step and ramp input. The data to be used are the same 
as for the first and second programs. 
Finally, the last program labelled "Force One"' performs the 
same as the third but for the case where force is the controlled 
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4H D - » F 2 1 » 4 « / 4 n E = * F 2 1 . 4 » / 4 r l F - * F 2 1 » 4 ] 
'.vR I 7 E 1 6 » I 9 ) K.F • L •> A'ri» 0 R H 
r GRM.A7 { 5 h K.F - » F 2 ~ . 4 . / 4 H i. = » F 2 I » ^ » / b H ,vVi - « F 2 0 . 4 , / 6 h L'RH = 
* F 1 V . 4 * / / i S X * 9 n O P E N LOOP » 2 i X * l i H C L O S E D LOOP » 1 3 X / / 
7ri w » 9X »4noA I N » cX » r-nPHAS*: s 6X « Yr-.A^S V A L C <i 7X » 
i .HGAi MC » 6X » briPHAisEC / l ^ H R A . 0 / G E C » 7X » 2 r>Db » i 0 X « 3 f i£EG . 
22X » 2 H J b » : u.'\ • 3HU::.G i 
rt = 2 • 
D ! = C M P L X i . O T A ' ) 
I F i ( G * + ' - 2 - 4 . * D > . L T O VJ.L- ) GO TO 2 6 
u2=U<iPLX ( L / 2 . - - J K •' ( ( C * * 2 - 4 « * u ) / 4 . i »A ! » 
D» = CMPLX( C / 2 . + ^ K T i' < C * - * 2 - 4 . ' * v 5 / 4 . ) t 'A ; i 
G3 7 0 2 s 
u 2 = C X F L X ( C / 2 . » l f t -ouR7 ( (A . * i ? - C * * 2 ) / 4» ! > 
^3=0^1 ̂ L X ( C / 2 . «W + o OK T ( i 4 . * L - - C J < * 2 ; / 4 . ) ) 
IF < ( A * * 2 - 4 . * c > . L T . - : . ~ )GG 70 32 
L ) 4 = C M P L X { A / , i . - S O R T ( ( A * * 2 - 4 „ * c ) / 4 . ) » A' ) 
D 5 = C M P L X ! A / 2 . - r SORT ! ( A * * 2 - 4 . * b } / 4 . ) , W ) 
GG 7 0 34 
0 4 = C M P L X ( A / 2 * .W-5GR7 ! ( 4 . * o - A * * 2 i / A . ) ) 
05 = O ' P L X ( A / 2 . »,n + S0RT ( { 4 . X 0 - A * * 2 ) / 4 . ) ) 
i-J 6 = C i>' ? L. X < i • » 7 2 * A ) 
N i - C M ? L X ' i . »71 *Sv ) 
;> j4=-LM->LX(3 .5217» .v ) 
•W&-C MPLX ! 1 9 . M d.) * rt ) 
J F ( F i L • L 7 . 1 • 0 ) oO 70 1 3 f' 
N 2 = C M P L X ' C / 2 . ,/.' + .SOR7 ( C* ,*u-Z.* + 2 ) / ' r . ) ) . 
N 3 = C ! - ; P L A ( C / 2 . . / v - ' 0 > ! 7 ( ( 4 , - - - - , ) - C * * 2 ) / L * ) ) 
D7-CMPLX ( F / 2 . f 50R7 ( ( F'-'< 2 - 4 . * ^ ) / 4 . ) , ,v ] 
Db -GMPLX ( F / 2 . - 5 0 R 7 I ( F * * 2 - 4 ' . * D J / 4 . ; »•.'; ) 
6 0 7 0 36 
G = L * ( " U * * 2 . ' * i ' v4^ . ,D / ; ( ( L. 1 * L 2 * V 3 ) •-•- • *'0 ; * J 5 * « •.><•* *2 i ) 
6 0 7 0 1 3 6 
c = L * ( r u * * 2 ) * r « 2 * : \ 3 * . v . 4 * . ' J 5 / i ( ( U l * D 2 * 2 ' 3 ) * L ! * L : < t * i ; 5 * ( ! ^ b * * 2 > *L>7*L'3 ) 
A b £ V A L = C A b S ( G ) 
GA i N = / u • * A L wG i •-' ( H D G V A L ) 
PnAoE 1 1 ( i c u . / i * K l : ? )*A7A:'\ l . . ( A J i»iAG(G ) »REAL i G) ! 
Md&C=CAbS(GC) 
£ A I N C = 2 U . * A L 0 G 1 G ( A D 5 0 
PHAScC-l !6G./5.if r39)*ATA.N2(A!MAG(!3C ) » RiiAL (GO ) 
136 WR I 7 b(6 • 3V) W *GA IN , PHASt * A D S C »GAINC »Ph-AStC »G » GC 
39 FORMAT { oF12»4fAL_i2o4 ) 
IF { K'.jLt i J. ) GG FO 4 3 
W-W+4. 
G© TO' 2 1 
A3 IF ( rt.Gc . loG. )CvJ TO 4 6 
b=W+10» 
GQ TO 21 
4<s IF ( 'A'.GL » 2 W G G » U ) GO JO AS 
W = W -»• 1 0 u • 
GQ TO 2 1 
4S W = IM' + 1 0 G 0 . 




GAP3 = • JUOOUI. 1 
CAP2 = CMpa*(D*ri**2 ) 
Rti.= l./(wri*i.GRT<GAP2*CAP3) ) 
»i\I Ti ( 6 »75 ) GA^l >Kcil »Kt.52 *CAP2 »CAPi »KcS 
7 5? FOf-.̂ MT ! /OH CAP1= »^P£' 16 .6»2X « artRii'c-. i - »2Pr 16 . 6 • 2X » 5 H R E 5 2 = » 2Pt 





tLT.Si GGRRAL-F-J*T«i-.ONc. . .211226073110 
TRANSIENT RESPONSE 
01MENoI ON P(10J»HlJ)tR{9);r"T(lojtRTl30s>)tRTl(3 00)tFTl(lu)tLlCll) 
1 »R£S(-2iJjJ.KE31(3uw/ 








w R I T t < 6 i 5 1 C T t < l » T l i T 2 
5 FORMAT ( 4 r i CT= *FB . 5 . 2X • 3HK 1 = » FS . 6 » 2X » i'HT 1 = . F 6 . 6 • 2X . 3 H T 2 = . F 8 . 6 • / ) 
M = * . * B c . * ( M l ~ * 2 . ' + < f . * C T * - C l * e t + V T * K l . 
£L = t ' - f . * S E * A l ) / .M 
w H = S G R T ( M / ( V T * M T ) } 
DRH = 2 . * C T * s E * 6 0 R T ( y , T / ! V T * M ) ) + ( C l / 2 . ) *SQRT ( VT / IMT -M ) ) 
fcK- = < A * < V * < T * K ; L 
A = 2 . * D R V * W V 
D = ^ ' V * * 2 
0 = 2 . * D R H * W H 
0 = W H * * 2 
£ s < K . L * ( f c ' H * * 2 ) * < 1 * C 7 ) / ( A l * * 2 ) 
D R P - ( i . + 2 . * ( D K H * * 2 ) ) / « Z . * D R H ) 
F = 2 . * D R P * W H 
WR J T E ( 6 * l u ) A » o » C t D » t i » F 
Iw F O R M A K 4 H A - » F 2 1 . ^ » 7 - + h 6 -• »F 2 1 «* <. /4.'-i ^ = » F 2 1 . 4 » / 
1 4 H D = » F 2 1 . 4 » / 4 h £ = • r" 2 1 . 4 * M r i F = . F 2 1 . 4 ) 
WR 1 TEs ( 6 . 1 9 ) K.L > <R * Wri » DRh • DRP 
19 FORMAT ( 5 H * L = » F 2 u „ 4 » / 5 H <R = » F 2 0 . 4 t / 5 H WH = » F 2 U . 4 i / f c H DRH = 
1 f F 1 9 . 4 » / 6 H ORP = » F 1 9 . 4 ) 
[ ) l » ( C + A ) / t b * D > 
i ) Z = ( D + A * C t b ] / ; c * J ! 
• D i = ( c - » - A * D + b *C ) , ' J c * 0 ) 
D 4 = ( A * E + 3 * D ) / ( c J * 0 ) 
D 5 = ( 6 * E ) / ( B * D ) 
D 6 = ( T 2 * * 2 1 *1=^2 . ^ ! "2 
t ) 7 M T 2 * * 2 ) * D + i . + 2 « * T 2 * r 
D 6 = F + 2 » * T 2 * D 
D 9 = < R * ( T i * * 2 ) 
D 1 G = < R * ( ( T l * * 2 ' * C + 2 . * T 1 ) 
D 1 1 = < R * ( ( T 1 * * 2 )*L> + 1 . + 2 . * T 1 * C ) 
D 1 2 = < R * ( C + 2 . * T 1 * D ) 
D i 3 - < R * D 
P ( i ) = C M P L X ( D 5 * D + C i l 3 , . 0 ) 
P ( i i ) =CKPLX ! O ^ * O - t - 0 5 * D 6 + D i ; . : t oG ) 
P( s ) =CMPLX ( D 3 * D + . ' 4 * D B + D5->LW + D11 » . 0 ) 
P ( 4 ) =CMPLX ( L ; 2 * 0 + 0 3 * D b - O ^ ; - t D 7 + 0 5 * 0 6 + Dl0«> .G ) 
P ( 5 ) = G M P L X (Dl*L)+i"J2-* lJ6 + l ) 3 * J 7 + D 4 * D 6 + P 5 * i T 2 * * 2 ) +C ':' » . 0 J 
P ( o ) = O i P L X ( US < t r *0 ; + O l - * i ; e I - _ ; 2 * L T + D3^L>6-i-D4*( T £ * * 2 ) , . 0 ) 
P ( 7 ) - C ^ . P L X l i e / ( : ? * - ' ) - w * u 7+ 0 2 * J G - T J . - J M T 2 * * 2 ) . . C ) 
P ( o ) =CMPLX ( 0 7 / ( 0 * 0 )*iii*Ub-r^2* ( T 2 * * 2 5 » « o ) 
P ( 5 ) =Ci'-iPLX ( 0 6 / < - *D ) +b 1 * I T 2 * * 2 ) » «u ) 
P( i O ) = C M P L X ( ( T 2 * * 2 ) /• \J*'U) » « u ) 
P l = R E A L ( P ( i ) ) 
P2 = R E A L ( P ( 2 ) ) 
PlG) = R E A b ( P ( l G ) ) 
P R I N T 5 5 
i?5 F O R X M T ( / / l < r X , 4 r ( R t - A L » 1 6 X . 9n I MAO I NARY , ,' J 
A ' R I T £ < 6 » 5 7 ) ( I . P ( I ) . . I = l » l u ) 








F O R M A T ( / 2 7 X » 3 H R O O T S » / ) 
CALL ROOTCPl P » i \ » ^ P i , i ^ M A y » R , J » $ 6 2 ) 
bO TO 65 
W i l I T t ( 6 » 6 3 ) J 
FORMAT(//34H ERROR -RETURN -NUXuER OF ITERATIONS 
13H EXCCCL-LL,- FCR« 12 »8J-T TH ROOT) -a 
rtR I Tc. ( 6 166 ) ( I »R ( ; : » I =i »J ) 
FORMAT(.3K R ( • J 2 » 2M )• = »2P2E22 . 6 ) 
IFIJ.LT.9) 00 TO 106 
Nl=CiSPLX(-l./Tl,.u) 
,N3=CMPLX(-C/2. .S-JRT ( ( 4 .*0-C**2 > /A • ) ) 
N4 = C0.\JG(i\3 ) 
H I ) = U.R*(T1*.*2)*( '• -Nl )**2)*(-N3)*C-N4) )/( 
P10*(-R( 1 ) )* v-K(2 ) I*'-Ri3 ) )*i-R(4> 5* 






f 9) ) 
1 ) - N 
P 1 0 * ( R I 1 ) -P. < 2 ) ) * * R ( I ; -R ( 3 ) ) * i R .' 1 ) - R ( 4 } ) 
( R ( 1 ) - R ( 5 ) ) * ( ft < 1 > - R ( 6 ) ! * < R ( 1 ) - R i 7 ) > * ( R .( 1 ! ~R « 8 ) 
L ( 3 ) = ( K R * ( T 1 * * 2 ! * { ( R ( 2 ) - M ) * * 2 ) *>. R( 2 > - N 3 ) * ( R < 2 
P 1 0 * ( R ( 2 ) - R ( 1 ) ) * I R ( 2 5 - R ( 3 ) "> * ! R ( 2 J - P ; 4 ) ) * 
( R ( 2 ) - k ( 5 ) ) * ( R ( 2 i - k ( 6 ) ) * ( P. ( 2 > - R ( 7 J ) * ( R ( 2 i -R ( 3 ) 
L ( * ) = ( K.R* ( T 1 * * • ; _ ) * • C ( S ( 3 ) - N 1 ) * # 2 ) * < R ( 3 ) ~N 3 ) *' ( ft ( 3 
P 1 0 * ( R ( 3 ) - R ( 1 ) ) •>• ( R ( 3 ) - k ( 2 ) ) * ( R ( 3 ) - R { 4 ) ) * 
( k < 3 ) - R ( 5 ) ) * ( r>. ( 3 ) - k ( 6 > ) * ( R ( 3 ) - R ( 7 ) i * ( R'( 3 ) - K ( a ) 
L ( 3 : = ( f .R* ( T i * * 2 ) * ( ! R ( 4 ) - N 1 ) **2 ) * ( R '. 4 ) - i \ 3 ) * < R i 4 
P 1 0 * ( R I 4 ) - R ( 1 ) ) * ( R ( 4 ) - R ( 2 ) ) * i k ( 4 ) - R ( 3 ) ) * 
( R i A ) - R ( 5 ! ) *• ( R ( 4 ) -R ( 6 I ) * < R < 4 ) - R ( 7 ) ) * i R ( 4 ) -? i 5 ) 
t. ( 6 ) = K R * t T I * * 2 ) * ( ( R( 5 ) - i H ; * * 2 ) * ( R < 5 ) - N 3 ) * ( R (5 
? 1 0 * ( R i 5 ) - R ( 1 ) ) * ( R ( 3 } - R i 2 ) ) * ( R i 5 ) - R ( 3 ) ) * ( R ( 5 I -
( R ( 5 » - R { 6 ) ) * ( R ( 5 ) -R t 7 ) ) * ( R ( 5 )-R(6 ) ) * ( R ( 5 ) - R ( V ) 
L.{ 7 ) - ( < R * t T l * * 2 ) * ' i R ( 6 ) - "N I ) * * ? . ) * (K< 6 > - N 3 ) * ( R ( 5 
P 1 0 * l R < 6 ) - R ( 1 ) ) * ( R ( 6 ) -R ( 2 ) > * ( R ( 6 ) - R i 3 J ) * I R i 6 ) -
( R I 6 ) - R ( 5 ! ) * ( P ( 6 )~R ( 7 ) ) * ( R ( 5 J - R I 8 ) ) '* ( R 1 6 J - R ( 9 ) 
L- ( 8 ) = ( < R * ( T I * * 2 ) * ( < R ( 7 ) - , \ 1 ) * * 2 1 * ( R ( 7 ) - N 3 > * ( R ( 7 
P 1 0 * ( R ( 7 ) - R ( 1 ) ) * ! R ( 7 >-R i 2 ) )J l ( R ; 7 ) -R ( 3 ) ) * ( R i 7 ) -
( R ( 7 » - R ( 5 > 5 * ( R I 7 ) - R ( 6 J > * ( k ( 7 l - R < 6 ! 5 * C R i 7 ) -R f 9 ] 
L { 9 ) = ( < R * ( T l * * 2 ) * ( ( R ( 6 > - H i ) * * 2 ; * ( R( 5 ^ - f ; 3 ) * ( R I 3 
P 1 0 * { R 1 6 ) - R ! 1 ) ) * i R ( 3 > -RC2 ) > *«R« 6 ' ~'^ ( 3 # - ) * ( R ( o ) -
( R ( 6 ) - R ( 5 ) ) * ( R ( 8 ) - R ( 6 ) ; * ( R 1 S ) -R ( 7 ) ) *• i R { a J -R I 9 ) 
L ( 1 0 ) = ( < R * ( T 1 * * 2 >« ( (R ( 9 ) - N l ) * * ? ) «• < R ( 9 ) - , \ 3 ) * ( R( 
P 1 0 * ( R ( 9 ) - R ( 1 ) ) * ( R '' 9 ) - R i 2 ) ) * (R ( 9 ) -R I 3 i ) * { R { 9 ) -
( R ( 9 ) - R ( 5 ) )>* ( R ( 9 ) - R ( 6 1 > * ( R < 9 ) - R ( 7 ) ) * < R < 9 ) - R { 8 ) 
DO 2 0 4 I - 2 » 1 0 
J = I - 1 
L I ( I ) * L ( I ) / R ( J J 
L l ( l ) = L ( l ) 
P R I \ T 1 0 3 
FORMAT ( /36X«9HCOi\STA,\Ti./23X •4HSTLr 
WR I T E(6•i c4 i (1» L ( i J • L1( I ! »1 =1»10 ) 




F.Tlu=(<R*2.*Tl*0-i.-?l + ̂ R*C*Pl-<K*[;<--P2 
T = 0. 
00 128 Y = l »56' 
FT1I1 )=FT(1)*T 
DO 124 1=2,9 
J=I-1 
FT(I )=L(I )*CEXP'R(J)*T ) 
F T K I ) M L 1 ( I ) )>CEXP(R(0)*T) 
FT { 1 0 ) =REAL ( L ( 1C ) ) *C,EXP (REAL / R { 9 ) )*T )' 
F T K 10 ) = (REAL! Ll ( 10 ) ) ) * ( CEXP ( RE AL (R K 9 ) ) *T ) ) 
3 ) * ( F i ! l J - N 4 ) ) / (R.( 1 ) * 
* . 
• ; R i l ) 
-M4 ) ) / 
) * ( R { 2 ) 
) - N 4 ) ) / 
) * ( R < 3 ) 
) - N 4 ) j / 
- R ( 9 ) ) ) 
( R ( 2 ) # 
- R ( 9 ) ) ) 
( R i 3 ) * 
- R ( 9 J ) ) 
i R ( 4 ) * 
- R O . ) J 1 
( R ( 3 ) * 
) * { R ( 4 ) 
) - N 4 ) ) / 
R ( ' . ) ) * 
) 5 
) - N 4 ) ) / < R ( 6 ) 
R »' 4 ) ) * 
) ) 
} - , \ 4 ) ) / 
R ( 4 ) ) * 
) )
) - N 4 ) ) / 
R i 4 ) ) * 
) » 
9 ! - . \ 4 ) j / ( R ( 9 ) « 
R ( 4 ) ) * 
) ) 
( R ( 7 ) * 
( R ( 6 ) * 
> 2 b X » 4 r i R A M P » / ) 
H F ( T ) RAMP) 









RT ( r )=FT( I )+FT (2 )+FT (3 )+FTi4)+FT C5 I+FTI6! +FT l7)+f-'T 13 ) + 
FT(91+FT(10) 
RTl(Y)=FT]u + FTi(M+FT1(2)TFT1(3)+rTl(^)+FTlI&)+F/:(6 >+FTl(7) + 
FT1(8)+FTl(9J+Ffli1Ci 
RES<Y)=RE'AL(RT(Y ) ) 
RES I ( Y )=REAL. JRT1 tYl) 
*RiT£<6»131) T»R£S(Y ) »RES11Y> 
IFlT.uTttJl^l W TO 126 
Ti=T+.U01 
GO TC 128 
IF(T.3T..14) GO TO 2 26 
T1 = T + . o 1 
GO TO 128 
IF (T.IJT ..95) .GO TO 3 38 
T1=T + .0S> 
GO TO 128 
Tl=T+.2 
T = T1 
FORMAT!F7.4*2F12.0) 
•.vRiTEl 6 * 2 4 0 ) F T I J 
FORMAT(/7h ERROR**2P2£ 1 6 . 6 ) 
STOP 
END 
tkT#5l CORRAL-F-J*FORCt.ONEi>»» 1256 00140410 
TRANSIENT RESPONSE-FORCE 
01 MENS ION P( iul.L(lu) »R(9) »FT( lu) »RT C3Jw) ,KT 1(300 ) ,FT1( 10 ),Li( 
l»KLo(30u)*R.tSl(3uO) 
REAL <R.<A»<T • K.V . ,<L » WH • A'V » DRH ,DRV »aL , Al ,CT . C 1 * VT »K> 1 , 
i >i *MT *Atb»C »D» E ><F »ML 
INTEGER Y 
COMPLEX PtR»:\l.i\i2»N3»N4,-RT.FT.L»RTl.FTl«Ll 
READ ( 3 » 7 ) ,<A • KT t <V . WV . DRV .bt t A 1,CT,C1tVT•<1»M T 
7 FORMAT( ) 
KEAL)(3»11 )N»EPS.KMrtX-
li FORMAT( ) 
A;RITE(6.5)CT.bE 
b F0KMATJ4H CT=»F3.o*2X»3HoE-*F12.3> 
M=4.*a£*(Al**2 )+4.*CT*Cl*ufc>VT*iU 




DRH=2.*CT*bc*o£RT (f-'.T/ ( VT*Y.) ) + ( C 1 ,'2 . ) *SORT ( VT / ( MT*M ) ) 
K,-R = KA*<T*KV*KF 
A = 2 . * C R V * A V 
D=WV**2 
C = 2. .*ORH*Wh 
D=WH**2 
is=(<L*(.i.,H**ii*<l*CT)/(Al**2) 
L)RP=( l.+2.*(ORh**2 ) W (2.*Ckh) 
F=2.*DRP*wH 
rtRITE(6»liJ)A»D»C»D*E»F 
±0 FORMAT (4H A - *F21.4»/4H B = »F2i.4i/4h C = .F2J..4./ 
i 4H [) = •F21.4./'r-\ E '= »F21.4./fc-H f - »F21.4) 
WRITE(6»1S)KF,<R.WH,DRM,DRP 
19 FORMAT (5ri <F - •P20.4»/5H KR = *F2C .4*/dri ',vH = »F20.4,/6H DRH 
1 »F19.4»/6H DRP = »F19.4) 
Ji=(CTM)/(C*D) 
L)2=(-l; + A»C-fL)/(D*D) 
D3=(E + A*D-»-b*L)/(-*D) 
D4= { A*£+b*D ) / ( o*0) 
D5 = E/b< 
i>6 = KR*{.25.14 + C) 
D7 = <R*i 1G9. 7256^5+ C*25.14 + 0) 
D6=MR*(G*lv^.72 5 62 5+L*2b.14) 
D9=<R*3*109. "IbdZS 
P( 1 )=CMPLX( jf;*D + O9».0 ) 
. P(2 ) =<LMPLX (D4*u + U5*F+i;8i • J) 
P(3) =£y.PtX :̂ 3."i'.; + J4<F + L"l[;*lJ7? .U) 
P (45 =GMPLX ! C2 ̂ 0 + i?'3*r+0^ J-06» .iil 
P(5 )=GKPL/ ('J1^L) + .12*F+L)3 + K.I<».U}. 
P i 6 ) =GMPLXIi./b+Ui*F+02 » »ui 
P ( 7 ) = CMPi_X ( F/ £ -d*j ) +0 1 • . u ) 
Pie )=GMPLX(i./(0*D) ».0) 
Pi=REAL(P('l) ) 
P2 = R£AL-JP(.2) ) 
P8=REAL(P!8)) 
PRINT 55 
55 FORMAT( / / 14X , <*HR t AL , 16 X , 9ri I MAG I NARY•/) 
riRITE(6»57) ( I »P( I ) • I = 1 *e ) 
B 7 FORMAT(3H P( • I 2»2H)- , 2P2L22.3) 
PRINT 5 9 
s>9 FORMAT ( /27X»5riKOOTS»/ ) 
GALL R'JOTCPI P » N» cPb » xMAX * R tJ* J>6 2 ) 
GO TO 65 
62 *RITE(b»63) J 
99 
63 FORMAT(//34H ERRGr. RETURN NUMdtR OF ITtKATICMSt 
1 13h EXCEDEED FCR,I2-.6H TH ROOT) 
65 wRITE(6»66) ( i «R( I ) , I =1*J ) 
66 FORMAT (3.H R ( • 12 ».?H } = » 2 P 2 c . 2 2 . 6 ) 
I F ( J . L T . 7 ) VJG TO l o 6 
N t = C M P L X l - ( . / Z . » ^ R T ( ( 4 . * D - C * * 2 ) / 4 « ) ) 
N2 = CO,NJ( i ( ! \ i l ) 
N 3 = C N ' , P L X ( - 3 . S 2 1 > . J ) 
N4 = CMPLX ( - 1 9 „ ? 1 8 3 <• » ̂ > ) 
L. i 1 ) = ( K R * ( - M 1 H M - N 2 ) * . < ~ N 3 ) * ( - N 4 ) J / { P f c * 
1 ( - R l l ] l * ( - R ( r ? l * ( - K ( 3 ) ) * l - R ( 4 | | * ( - R ( 5 ) ) # 
2 ( - R ( 6 I ) M - R ( 7 ) ) I ' 
b ( 2 ) M < R * ( R < 1 ) - i \ l ) * ( R < 1 ) - N 2 1 * < R ( 1 ) - N 3 ) * C R ' ( I ) - N 4 ) ) / ( P 8 * R ( ; ) *• 
1 ( R ( 1 ) - R ( 2 ! > * i R i 1 ) - R ( 3 ) ! * ( R ( 1 ) - R ( 4 ? ) + ( R ( 1 ) - R ( 5 ) ) * 
2 ( R ( 1 ) - R ( 6 ) > * ( R l i ) - R ( 7 ) > ) 
L ( 3 i = ( K R * i R ( 2 i - i J I * l K ( 2 > - N 2 l * ( R ( 2 )—,\3 > + ( ft ( 2 ) - N 4 ) ) / ( D B * R ( 2 ) * 
1 ( R ( 2 ) - f t f 1 ) ) * ( R ( ^ i - R ( 3 ) ) * ( R ( 2 ) - h ( 4 ) } * ( R { 2 ) - R ( 3 ; ) * 
2 ( R ( 2 ) - R ( c J ) * ( R ( 2 ) - R ( 7 ) ) 5 
L ( 4 ) = i s R * ( R ( 3 J - M ) * ( K ( 3 ) - N 2 ) * '. R ( 3 ) - . \ 3 1 * I K (3 J - N 4 ) » / ( p - j * R ( 3 ) * 
1 ( R ( 3 ) - f t ( 1 ) ) * ( R ( 3 ) - r v ( 2 ) J * ( R ( 3 ) - R ( 4 J ) * ( K ( 3 ) - K ( 5 ) ) ' * 
2 I r U 3 ) - f t ( 6 ) ) * ( f t ( 3 ) - f t ( 7 ) ) ) 
L I 5 ) = I N R * ! K U ) - ; a ) * ( ^ ( 4 ) - N 2 ) *< R<4 ) - R 3 ) * ( R < 4 ) - , \ 4 ) ) / ( p d * R ( 4 ) * 
1 ( R ( 4 ) - f t 11 ) > * ( » ( ^ ) - k ( 2 > ) * ? f t » 4 ) - F : J 3 ) > * i n ( 4 ) - R ( 5 ) ) * 
2 (R i 4 ) - R ( 6 ) > M R ( 4 ) ~R< 7 ) ) ) 
L ( 6 ) = t S . R * ( R ( b ) - ; V l » * ( f t ( 5 ) - N 2 >* '. R ( 5 > -N3 ) * ( R ( 5 ) - M 4 ) l / ( P B * R ' ( 5 ) * 
1 ( R ( 5 ) - R ( 1 : ) * ( R ( 3 i - R ( 2 ) J * ( R ( 5 } - R ( 3 ) • ; * ( R < S ) - R ( 4 ) ) * 
2 ( R ( 5 ) - R ( 6 ) ) * { R J 5 ) - R { 7 ) ) > 
t ( 7 ) = ( ( C R * ( R ( fa)-Nl > * ( R ( 6 ) - N 2 ) * ( f t ( 6 ) - , \ 3 ) * ( R ( c ) - N * ) ) / ( P 8 * R ( 6 ) * 
1 ( R ( 6 ) - R ( 1 ) ) * ( R ' 6 > - R ( 2 ) ) * ( k ( 6 ) - R ( 3 ) ! * < R < •S ) - R ( 4 ) ) * ( R ( 6 ) -R ( 5 ) ) * 
2 ( R ( 5 ) - R ( 7 ) ) > 
L ( 6 ) = ( K f t * ( K ( 7 i - N l ) * l R ( 7 ) - N 2 \*\k ( 7 ) - M 3 ) * < R < 7 ) - N 4 ) )'/ ( P 8 * R ( 7 ) * 
1 ( R ( 7 i - K ( 1 ) i * i R { 7 ) -R ( 2 ! ) * !' R t 7 ) - f t { 3 : ;j * < K ( 7 ) - « { 4 t ) *• { K ( 7 ) -R ( 5 ) ) * 
2- < R ( 7 ) - f t ( 6 i » ) 
DO 2w4 i = 2 » 8 
' j = I - l 
2 * 4 L H I ) = L < I ) / R ( « * > 
k l ( l ) = L ( l ) 
P R I N T 103 
103 FORMAT ( / 2 6 X , 9 H C 0 . N S T A N T 5 » / 2 3 X * 4 H S T E P » 26X »4HftAftiP , / ) 
w r » I T E l 6 » 1 0 4 > ( I »L ( I ) , - L l ( I ) • 1 = 1 * 6 ) 
i Q 4 FORRiAT(3H L 5 » I 2 »2H ) = , 2 P 4 c 1 6 . 6 ) 
P R I N T 1 0 8 
i i i f l FORMAT ( 7H1T ( SEC) »4X*frr<F ( T )5TEP »6X»8HF ( T ) RAY.P ) 
FTv 1 ) = R E A L ( L ( ?. 5 \ 
FT J U = N R * ( ( L * i u 9 . 7 2 ^ 6 2 r - r , - . 3 . 1 4 * L : ) ^ H l - i P 2 * - J * l 0 9 . 7 2 b 6 2 ? ) ) / ( P l * * 2 ) 
T = d . 
D9 1 2 3 Y = 1 , 3 6 
F " m i ) = F T f l ) * T 
fc>G 1 2 4 1 = 2 . 6 
d = i - l 
F T ( I ) = L ( I ) * C L ' K P ( R U ; * T 5 
I 2 H n i l : ) - ( L i ( : ) } * C L / P I K J J ) . * T J 
RT(Y)=r"T(U+FT(2)+FT(3)+FT«*r»+Fr I 5» )+FT ( 6 )+PT ( 7 J+FT <3 ) 




;;W I T £ ( 6 » 1 3 1 > T . Rc5 '. Y ) • R to 1 ( Y ) 
I F ( T « G T . « 0 1 9 ) oO TO 126 
Ti = T + , u u l 
60 TO 126 
l i b IF1T.GT..14) 00 TO 228 
Tl = T-r.ul 
100 
hQ TO 128 
22fe IF(T.S7..95) 
T 1 - T + . u 3 
GO TO 126 
4 a e T 1 -• T + • 2 
128 T=T1 
13 i FQKM«T(F7.4*2F1<:. 
A rs i T E ( 6 » 5 H •»/ j F T i G 
24;* FORM AT ( / 7 h ckR Ji< -
I iit STOP 
cND 
0 TO 3 36 
. 2 P 2 E' 16 . 6 ) 
APPENDIX IV 
EVALUATING THE COMPONENTS OF THE COMP 
Bridged-T'Network 
Rewri t ing equat ions (.2U) and (25) : 
C2 " C3Ch 
R = — i 
^ C 2 C 3 ] 1 / 2 
S e t t i n g CL t o an a r b i t r a r y value of 
C3 = .07 yf 
and cons ide r ing trie extreme cases for w and L 
a) = 1,255.1091 r a d / s e c -> E,h = .0291 
co. = 2,335.603 r a d / s e c -• £ , = .0038 
li : . . . - . . "h. 
C2 min = ^ -7 ) ( . 0038) 2 x 10~T = .999 pf 
Co ™ v
 = C-T) ( .029 l ) 2 x 10~T = 59.3 pf d max. 
10 9  
E m . n = = 3 9 1 . 2 KS2 
(1255 .1091)1 (5 .93 ) ( .7 ) ] 
102 
9 
Rmax " i 2 — — — _ _ - . - - i , 619..O KQ 
C23335.603)[C.999)C0T)]
1/k 
There fo re , t h e values t o be used are 
C = .07 yf ( f ixed c a p a c i t o r ) 
Cp = 1.0 t o 60.0 pf ( v a r i a b l e capac i to r ) 
R = 0.0 t o 1.7 Mft ( v a r i a b l e r e s i s t o r ) 
Lead Network 
The equat ions t h a t ho ld in t h i s case are 
T l 
T R 
R~ = 2 T -T 
1 2 
S e t t i n g C, t o a f ixed value of 
C = 10 yf 
The ranges of interest for T and T? are; 
T = .033 to .1 sec 
T = .0033 to .01 sec 
There fore , 
p - -ii- - 1 0 Kfi 
Imax _ - 5 
R ' . = - ^ | = 3.333 Kfi 
:bmn x - 5 
p _ C-0033) C3. 333) ClO3) _ ~ 7 n 0 
R2min " . 0 3 3 - 0 0 3 3 " 3 7 ° " 
R , C - 0 l ) ( 3 . 3 ^ ) C l 0 ! l 8 , 1 > U 3 i m 
2max .033- .01 
Tims, t h e va lues t o he used are 
C = lOyf ( f ixed capac i to r ) 
R •= .0 t o 10.0 KQ, ( v a r i a b l e r e s i s t o r ) 
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